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Tuls repiat suwarlres the efioric dwring he firs. quarter of a one
Jiss re.enrcl ogred, whose noine lpal objective 1o the damcastratiod
I’ feaslbllity and advancement of tha voariex Rl power generator coa-
cept. The research is 8s5eniially a continuation of toe linvestigatiom
initiated unier NHASA Cantruei Ho. KALS-T70).

Zxperizeniel efforts hove cancentruted on the following: (a) design
and febricaiion of an adwuoed experimental ncdel of & vortex MiAD
seserelar; (L) visualizaiilon stuly o ke flov in an iucomprets ible
versex; auc (o) design of a vuriex chamber for detallel siuly f the
veloulivy fiedd in 2 cougaressitls vartex.

The supperting thecretiosl rejearch included a prelinipary stuly of the
applicaticn of turudenmt boundary layer correlsticn te vartex flow, in-
clnding the region adjecent to & centrmal body in the vortex.




ITI SUMARY

Pacilities vere established vhich will enebls the operation of dual
arc jets simultansously for the testing of multiple jet vortex MID
gensrators. A :

A nev and move sophisticated experimental model of the vortex MED
gencrator vas designed and is being fabricated. It inoorporates the
changes and refinements suggested Ly the HASS-T7035 research.

Visualization studies, utilizing tufts and ink injection, were con-
«ucted in an inecmpressible vortex. The limiting conditions (Reynoclds
mwber) for laminer vortex flow were observed. Other phencmena studied
inclided the distrubmnces in the slip plane between the driving jet and
the vortex flow field, and the flow in the regiocm of a slotted center
body ¢ylinder.

A vortex chanbder was desisned vhich will facilitate a detailed study
of the velocity field in a campressible vortex.

MImmrytpplmtm&lm-mtm of boundary layer
analysis vas sucoessfully employed for the description of turbulent
flovw profilee in a vortex wvhich also contains & porous center body.




III ITAES OF PROGRESS .
1. Yortex WID Generstor Experimests ’

Vortex Jemsretor Design &nd Pacility. Based on the recommendations
of the preceeding NAB5-T03 oomtrect, the imitial efforts on the curreat
vortex gemerater progres commenoced vith the scquisition amd imstallatios
of & dual arc jet facility. Ths arc jets are idemtical Plasmiyne N-b
subscnis heads coupled to two power supplies (oach reuted at %0 KV com-
tm,éonm)m-nmc-mmmm. It is ex-
pocted that stmltanecus operation of doth are jets will provide a fector
of four imerease in the plasms mass flov cepadility as oompared with pre-
vious speretion. Thus, the imcreased flov rete, approximately 25 gm sec™t
of seeded argon, vill migimize the relstive importamce of the auxiliary
phoncmsns vhick were cacountered im the earlisr progrem. The effects
associsted vwith single and maltiple jet-drivem vortices previcusly in-
vestigated oaly in cold gas experimewts nov cam be studisd ia hot gas
pover gensretien experiments.

The design of & mev and mere sophisticated vortex MHD gemeretor was
completed and the wnit nev is being fabricated. It imoorporstes the
echanges and refinemsnts suggested Yy the NASS-T05 resesrch, Also in~
cluded are mesns forr move cxtensive inetrumewtatiom, particularly fer
the dstermination sad. independent comtrel of the sidewall and redial

" boat treasfer from the confined plasmm. Sigaificesst Lgyrovemsnts have

been effected in the design of the gas entry regiom including the mozsle
1tself. The nozile is of mintmum length and two dimensicmal, therely
mawwmvﬁhnmu—uwmt@m
driving. Pigare 1-1 illastrates the above-msntionsd festures.

The design of the water-ecoled mixing chamder-nottle will ascemmodate
injection ef an alkali metal seed material isto a regiom provided for
nixing the seed vith the arc heated argom as well as fagroviag the
umifors distribution of thermedynamic properties throughout the latter.
Seeding can be acemmplished by injecting an aguecus selutiom of am alkalil
metal, as vas demomstrated previcusly, or by iajecting the alkali metal
in & fure vapor or liguid form. The latter twvo mathods offer the advea-
tages of Belping te establish & plasma of relatively simple composition
vhich 15 free of oxidizing comstitwents. PFurtbermory, the electrical
eendustivity is maximised Becsuse of the adeence of poiscming comtite

wents, o.g., the elsctromsgative hydroxyl redical.
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Various methods of vaporisstion and atomizstion of ceshwm and also
potassium wers considered. A boiler-superhdater whish was developed
wnder AF33(615)7535 | bas demcastrated adeqeacy ami stabflity in the
Tlow range of interest with potassbm. It is expected that little or
no elteration vould be required for boilimg and superhesting ceslum.
However, because of the nsed to oonsarve the relatively expensive cesium
and to expedite tost sequenoes vith the MRD geasrator, a aystem heving
& faster respomse to costrol was sought. This appears to de possible
bty metering the ligaid metal directly to s gas-liquid atenizer frem
vhich the spray is subsequently directed into the jJet iasuisg from the
are beater. Calemlations 2 indjeste that s dfvesion to the stemizer of
tes per osnt of the total argom flov 1is capable of producing droplet
dismeters of spproximstely 6 end 23 « respectively for potassiwm and
cesium. Subsequent veporisation (n the are heated argou takes place
Very rapidly - within s fractioa of the length of the mixing obesber - .
according to 8 calsulstion prosedure devised by Shapiro aad Bewthorms -,
Tus, equililrion jonisation 18 1ikely in the jets emtering the oavity
of the vortex geseretor. '

The location of the jets with respeet to & purely tangextisl entry imte
the vortex oevity was chosen- om the besis of mximizing jet velocity
m.mmmu‘mw'mwm:mwm
eylisdrical swrface. Thus, the effective vortex driving velecity was
caloulated to ¥ 0.9 of the inooming Jet veleoity, for a redial Reymolds
nmberl.-%uudancmcthe oddy visceeity. The design of the
genereator, Figure 1-1, offers sufficient latitude in componeat design
that relecation of the jetzs is easily accouplished should other arreags-
ssats appesr more desireble.

Furthermore, nossle expansion retios may bDe altered most singply My
changing the intesrual comteurs of that part of the nezzle vhizh is
actually integral with the ocuter elsctrode. The initial cpmwtion will
attempt %o achieve 2 jet Mach mmsber of 0.75, sn estimated optimm
value for saximising pover outyut vhem the interrelatienship detween
conduntivity snd weleoity is equsidered vith respect to power density.




Beat transfer is both the axial aad redial directiem was estimsted for
the geomretor. 7The estimte of redial hest transfer threugh the cuter
elactrode was dased ou the spplicatiom of Beynolds snalogy of momsntum
mm.tmummmmudwu". The
resulting redial hest tramsfer vas 20 watt cm 2 for a stainless stesl
housing tempereture of 1000°K. As elsctrode tempereture of 9600°K
results theredy vhish vill permit adequate thermiomic emission of

1 sap on"2 from & tungaten electrode.

1)

Axial heat trensfer frem the gemerster sidewalls, estiimted onm the

basis of the amalysis ° previously developed for this spplicstiom, vill
be aproximtely 14 watts on"2 for & housing tempereture of 1000°K. The -
resulting tnmer surface tempersture of the magnesia slectriocal sidewmll
insulater vill be spproximmtely 1500°K and the magnesia-sircemia ister-
face tempersture 1700°K., The latter two tempereture levels sheuld be
satisfactory, beth frem the stemdpoimt of megligidle sidewall electrieal
sherting end the liguidus tesperctare (1750°K) of the magmesis-siroonis
bimary systeam. ‘ :

The cambined effects of all heat lesses in the genmratar, Wt exclnding
those in the water ocoled mosxlss, results in & § yer cemt redwetion of
the, plasua msea static tempessture lewel. This, of ceurse, his its com-
sequences on the plasma ocemductivity.

mmmmh&mmhmmminh_
on the basis of equililrtun plasm comtuctivity being mintained, '
alloving fer the effects of hest tramsfor on the sWtic plammm tewper-
sture distrilstion, and ceusidering the offects of turbulench ea the
veloofity distributien. The effective meean ocomductivity is eygroxtmtely
1uu'1.mmm¢mm, teapersture, applisd g
netic £10)d of 1 veber u'Y, and relative cesism seed melar comosmtretion
ef 0.015. An incresse of 15 per oemt im cemductivity oeuld be expected
uthatar-touhaunhomum.‘ The gain, however, is
certainly not warrested cemsidering cur presemt purposes and the relatively
uamtdeuz-_.

The deviation frem iaviscid vortex flov cen be Judged with referemoe to
Pigare 5b of Meferencs 7 vihich iadicates & msasured velocity distridution
of & vortex having similar asm-dimsnsicnal flov and geemetry yarayters



with the sxceptien of having & poroms oenter body. The resulting eon-
mmumcmuwm,mu-m
mamuluw-‘.

Amma'm for the vortex gessyeter revesalsd
that the desiredility of tangsatial velecity stagmtion, as sffected
couplstely by a pazens osnter hody, will depend wpen the sxtent te vhish
f1s)4 taduced pemeguilidrium com elsvate the oandwetivily in the region
dtbum The best aveilable fxformtisn regarding non-
equilibrivm affects w.amu—mmwm
arrengamut of the type illustrated fu Figure l-l1 vill perform best, ia
the case of a fairly shallov gmcrator.  Thus, the first elactrode
arrengesent tried will de of this type.

)




2. Rydrodymsmics of the Jet-Drivea Vortex
Experimutal Progres. The first tvo phases of the ccld-gas experi-
meatel study vere coampleted in this quarter:
1) A prelimimary vismlization study of the flov in en imcem-
pressibls vortex; )
2) The design of & vertex chamber for detailed study of the
velocity fisld in o emgressible vertex.

Flov Visualisstiom Stedy. In oxder to iugreve eur physicsl intuitioms
of vertex flov processes, asd in an effert to explaia seeming incensisten-

"cies in the date of Referemce 7, & flow-viswslisstien study of an imcom-

pressibls vortex vas made. The flov of vater in s sisgle-mozsls vertex
chember wvas studisd by msens of flexible tufts, and Wy ink injectiocm.

The dimeusions of the vertex chauber, vhich was dssigaed aad wsed for

an earlisr study, vers as follows: owtside dismster, 5o-b“;
mau—m,nl-l, 2, o&r 3 inches; cemterbdedy shape, tubumlar
vith five 0.030 imch wide eircumferestisl slsts; depth, L = 0.3573 imch;
nozzls width W, = 0.125 imch; mosile depth, L, = 0.575 tmeh) aozzle lo-
catiem, cuter surface tangest to outer wall of vortex, p,-s.evs inches ,
Thus, the pertinemt dmmmmmm:

5= = 0.0957
-

N

- 005' 0.5. 0015
o

‘ 5‘1 -0-969
©

i—: '-;‘55- -0.00995

For the flov-viswalisstion stuly, the vortex chaber was equipped with
£ifty mesdles, sach holdimg & tuft of black thread. All tufts were
positicmed in the midplame of the chamber.

8



Photographs of the tufts were taken for each of the three geametries at
two turbulest redial Reynolds mumbers: Re = UD /2 )/ » 400 and ~3000.
A typieal picture is shown in Pigure 2-1, In addition, several pictures
were taken szt near-laminar Reynclds mumber, estimmted to be Re & -50,
with imk injection through the outer vall, The pictures were analyzed
by measuring the angles assumed My the tufts, aad hy estimsting the mean-
Tlow streamline shapes.

At-gxmmm,mmathmmm-mw
tufts in the three pictures at either turtulsst Reymolds mmber show
idemtisal flov directions. This is true of tufts both upstresm sad dovn-
nmammm;wmm;mmumm
the tangemtial flow. There vas somm 4differeace between the two turtuleat
flows fer a given geamstry; the flow st the lower Reymclds mmber wes more
redial, thus, the velocity recovery was poorer. All flows showed soms
asgular dependence, vhich extended all the wvay in to the cemter body; this
angular dependence was stromgest near the poxzle, as expected.

The estimated mean flow streemlisss shov thet a givem "mean flov particls”
vill make tve to three complate revalntions defcxe reaching the one-imch
centerbody, for the low Reynolds mmsber oase. At the high Reymolds mum-
ber, at lsast cue more revelutism vill result because of the higher
tangential velocity recovery. ‘

The newr-lamisar Reynolds mmber pictures show clearly timt the slip
pisne betweca & lamimar jet and & lsminar vortex is umstabls; this regiom
txmmd istely rolls up to form relatively small vortices vhich decay as the
Jet decelsretes to the min vertex flov wvelocity. The disturtamces which
lead to the smnll vertices nredably came from the meedles vhich supported
the tufts.

Vortex Chamber Design. At the comclusice of the hydrodynsmic
studies cenducted under the precesding comtract, definite recommendations,
mnmmtutuwamummw
apparetus. These recommendatioms were to:

1) Measure more soccuretely the mass flow rate of the air
supplied to the vartex,
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2) Use larger settling chambers upstream of the noszles,
so that the inlet turtulsmos can be comtrolled,

3) Asocertain the effects of moncircular outer walls and
nontangential drivieg jets,

%) Measure the tetal pressures in the vertex,

5) Measure the torgues acting om various parts of the
vortex chamber.

The first feur of these Lnprovemmnts have all beem imccrporeted into
the mevly-desigmed vertex chamber, and the fifth can de added easily
1f it seams desireble after preliminary testing.

The basic comgmessihle vortex chamber model is shown in Pigure 2-2.
It consists of four nosile blocks, vhich are bolted together to form
the outer wall of the vartex chesber, and tvo side-wall plates, which
cantain the exit tubes and suppart the cemterbody. The mamber of im-
lat m0Zzles oan De changsd Yy wsiang oms or more dummy aosils bloeks;
the size or directics of the noziles or the depth of the voartex cham-
ber can be chamged by using & differemt set of moszle blocks. Chamges
in the extt tubes or ossterbody are mde by changing the side-wall
plates. Tms the gecmstric design of the model is very flaxible. The
basic model will heve the dimensions of the hot-gas test wodsl, D = b
inches, D, = 1.5 tnches, L = 0.5 inch, asd W_ = 0.25 inch; additiomal
tests will be rum at other wvalues of these variables.

The mass flov rate of the imcomisg air vill de msasured by msans of
mmu—mupudammuph“mm.
Thus, the flew rete through esch mozile cam be imdependently measured
and comtrollsd. Ths mossle design is such thet the flow emtering the
vortex chambey is uniform and parallsl, amd since eaeh nosile is sn
independent unit, the inscming turbulence does not depend ca the mm-
ber of nozsles in use.

Pigure 2-3 shows a treversing rig to be used for a varisty of flow
probes. This rig replaces oms of the side-wall plates, and allovs
redial, axial, or tangsatisl prebing treverses; the probe can be
located at any point im the vortex chamber, and rotsted in the plans

'

n
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of the vortex to determime the flov directicm. Probes which vill be

used include @ directiomal prode, alloving the flow direction and the
total pressure to be deotermined, & doundary layer prebe, and & steg-

pation tespereture probe, mmivnho-bmctnm
prede if neeessary,

Amalrtjcal Studiss., PFrelintmry studfes of imscagressibls vertex

flows have been based cm the axisymmetric, oonstast eddy viscosity model.

The basic equatioms are, in plans polar cocrdimates,
@ o (E3F) . &
@ 2 (F+F) -5 (&

0

+

i

)

i

RIS

5}
+
e
[ ]

(3)

vbere |
d = mean vadial’ speed
¥ = msen circumferential speed
D = mean statie preseure
/2 = flatd density
£ = eddy viseceity
T = readfal cocrdimate mossured frow the axis of the vortex,

Tbemhln’gmdtuoqmﬁms (1) = (3) 1s oompleted by specifying
a radial flow rate and Immer and ocuter circuxferential speeds. Consider
a redial through flov of ‘

(%) Q:- w, T,

and circumferential speeds

VeV atrer
(5) Y v

i’-vxatr-ri

L 3

m:orvnnrimmmmmmmmmm‘mm,
respectively. '
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The sclution $0 this problem is (see, ¢.g., Reference )

-1 kl--t Eae

vhere the constants A and B are determined by (5) end

(1) Be <S8 -‘O—g‘l

nmtmuummmummawmmmtomm
region of the vortex.

mmmmwuw(ﬂuam.mmmw
ml!tyvhmtmumimm(nuhnpimthtv = 0) and,
ofm,mdewumm nrm,thomm,
ummwmmwnmmmwumu
Qescrided in the previcus section. (n the other hand, theoretical
mﬁmtimmttbtt&“pﬂyv”itymlnmo
representative of the wall-remote’ regiom of the flov in & vortex ‘
chamber baving an inmer porens wall, Jor this reasom, it is felt that
mmmmxnmmmmmmnmm
of lest year's contrect verk (Beference 9). '

m&mmmwwmzwmxmmm
in the past 1s that it was applied to & region of & vortex chawber
vhich is chsrecteristic of the inner (wall) regiom of & turbulsmt
boundary layer. The preper way té apply this model is to assums that
the veloeity as given by (6) extrepolates to same mem-zerc velocity,
Vys 6t the TALl, This cuter Jrofile is thenm matebed to the imner pro-
file vhich 1s governed by the so-called lsv of the vall. The matching
1s effected by requiring thet the two profilss bave a point of Sangeney
Vhere the eddy visossity is egmal. If this precedure is cerried owt,
mmuampmcrnummmmmmav
cmuot:mmmuunmsuummmmuu(u-
ference 10). His peeudo~laminer boxndary layers, as be oalled them, gave
mmwtmummmm«mmm
lwsandmmteunmwln

* mwmummmmmmmmm
mmmmwmmm«.wmu&m
turbulence terms.
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Nov squally good results should obtain for the wall wemote regioms
of a vertex chamber eand relimimary calculations have beem made to
investigate this possidility. For this purpose arbitrery values of
vimmmmm"u‘wurmﬂvﬁhm
data takez from Referemce 7. Also shown is a theoretieal curve of
Reference T vhich was obtained by & mmerical calculatiom,

Oue of the most curiows results of the present prelimimary study is
that the data of Refersmce 7 for the ocase of smmll megative valnes
ctuhj(mmmm“wu-)muwwm
oconstant eddy viscosity medsl if a positive value of Re is employed.
An exampls of this 1is shown in Pigure 2-4 vhere date bas deea corre-
thyehooiulo-Oulvtnvv. 8ingle driviag Jet data which
are not shown have also been nicely approximated with the choioe
Re = 43, Nov these results camnot possibly be consistent with physi-
cal reality and careful attemtion will be givem to this peist ia
futire TRV studies. A probable ressom for the incensistency is that
tbmnﬂtwktecd!mttqdhtw?um&aitc
strong profils wristion in the circumferemtial directiops.

Puture apalytiocal studies performed by TEW will be dased om the con-
stant eddy viscosity model as described above, for the wall-remote
region. It should be moted that its use in no wy comtredicts the
physical argmment of Referemce 9 which first led to the decisism mot
teo use it. As described above, aad more fully im Refereamce )0, it does
indeed represenmt a turbdulent viscous flow if properly applied, f.e.,
mtehed to the imner wall regica. Ome of the most fmportant results
the TRV effgrt is aimed st is a detormimation of the preper valne of
the eddy viscosity, {, to be employed in the mathematical model. Its
valee mast depead stromgly om the circumferemtisl Reysclds mmber, N ,
sccording to physical comsiderstions (see, e.g., Referemce 11) of eddy
-uu.'m-mataml'uamuwmmn
Referemoe 12 It also helps to axplain the observed wariatiem of pro-
fils shape with U/V, at & comstest valne of X,.

16




o K, =~ -10,300; u/v, = -.05753 By = b

© W, = -b,N00; u,‘v‘ - -.029; ¥, = ¥

@ Ry = -9,600; UJV, = -.029; By = b
o N = -5,000; U/v, = -.0138; ¥, = 2

Tecry for Comstent £
and Be = -10 & ',/V. = 0.8, 1.0, 1.2

" eececcsase Mhme
eand B0 = 0
o)

X, = -5,100; v/‘v, - -0\ N, = b

° W = -5,000; U/', » -.039; Theory of Baf. 7

1.8

.QIC




IV  INTERPRETATION OF RESULIS AND CONCLUSIONS
The desim of e nev vortex NED generator ves completed alomg the lines
origimlly saticipated. The desiga appears capadls of serving & vide
rengo of investigation vith & mistwem of chenge.

Flov visualization studiss in en incomgressible vortex revealed flow
bebsvior patterns which had been origisally expected and reinforoed
sorlier conclusions that test procedures and analysis mst recognise
the existence of nomuniformities tu the asimrthel directicm.

The dssign Flaxthility of the Mev vortex cbasber for tarbulence stuliss
vill permit the acquisition of iaformtion pertatsmisg to specific gener-
ator configrretions as well a8 more generul applicatioms.

Ammmmmmmummm-mummmw
pediction of welocity profiles vithis e turbulent vortax., This aev
wmwmmemmttmwwtmwm
length concepts originally suggested., However, further stody will be
required %0 fully establish its rangs of epplicability.
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